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Introduction {#sec001}
============

The global carbon cycle fuels the processes that are responsible for maintaining the ecological functioning of ecosystems \[[@pone.0237730.ref001],[@pone.0237730.ref002]\]. Terrestrial environments, together with oceans, play a key role in sequestering atmospheric carbon pools and allow fundamental recycling of biomass \[[@pone.0237730.ref003]\]. However, on-going global warming, mainly caused by increased greenhouse gases linked with anthropogenic activities, is putting at risk the maintenance of this ecological balance \[[@pone.0237730.ref004],[@pone.0237730.ref005]\].

During the last decade, carbon storage and fluxes in freshwater environments have gained prominence as key factors in the global cycling of organic matter \[[@pone.0237730.ref006],[@pone.0237730.ref007],[@pone.0237730.ref008]\]. Drake et al. \[[@pone.0237730.ref009]\] estimated up to 5.1 Pg y^-1^ of carbon delivered from land to surficial inland aquatic systems (lakes, rivers, reservoirs). Kayranli et al. \[[@pone.0237730.ref010]\] reported that soil and sediment from wetlands are amongst the world's most extensive carbon sinks, with peatlands accounting for a third of the organic soil worldwide \[[@pone.0237730.ref011]\]. These observations are in concordance with Keiluweit, et al. \[[@pone.0237730.ref012]\], who indicated that surficial soil and unsaturated zones provide the biggest carbon source within the terrestrial framework. However, while widely investigated in surficial ecosystems, carbon flows are understudied in groundwater environments \[[@pone.0237730.ref013],[@pone.0237730.ref014]\].

Groundwater systems are often hydrologically interconnected with each other and/or to surface terrestrial environments and water bodies \[[@pone.0237730.ref015]\]. Especially in arid environments, near-surface groundwaters (e.g. groundwater dependent ecosystems (GDEs)), provide a vital conceptual and physical continuum \[[@pone.0237730.ref016]\]. Surface water-groundwater exchanges (SW/GW) shape biogeochemical dynamics, including carbon cycling and nutrient circulation, which regulate the functioning of both surface and subterranean ecosystems \[[@pone.0237730.ref017]\]. However, dissolved carbon concentrations within aquatic subterranean environments are typically orders of magnitude lower than lakes and rivers \[[@pone.0237730.ref018],[@pone.0237730.ref019],[@pone.0237730.ref020]\]. McDonough et al. \[[@pone.0237730.ref021]\] reported average subterranean global dissolved organic concentrations (DOC) of \~ 1 mg L^-1^ f, while the global flux of inorganic carbon (DIC) into groundwater is estimated to be 0.2 GtC y^-1^ \[[@pone.0237730.ref022]\].

Subterranean DOC replenishment can occur either *via* SW/GW and/or *via* rainfall recharge through soils containing high organic matter (OM) content \[[@pone.0237730.ref023],[@pone.0237730.ref024]\]. Baker et al. \[[@pone.0237730.ref025]\] suggested that seasonal saturation of sediments overlying unconfined groundwater plays a key role in regulating organic carbon dynamics underground. Similar site-specific models have been suggested over the last two decades \[[@pone.0237730.ref026],[@pone.0237730.ref027]\], emphasising the importance of the vadose zone as a source of carbon for groundwater biological communities and biogeochemical cycling \[[@pone.0237730.ref028]\].

Groundwater communities are thought to be bottom-up regulated by the availability of OM which drives ecological functioning (i.e. energy flows, trophic cascade effects) in groundwater ecosystems \[[@pone.0237730.ref029]\]. Microbial diversity and productivity are considered to be limited by the concentration and bioavailability of OM in groundwater \[[@pone.0237730.ref030]\]. While heterotrophic metabolism is commonly considered a major process for sustaining food web interactions in a typically low-energy system \[[@pone.0237730.ref031]\], chemolithoautotrophic strategies have also been extensively reported \[[@pone.0237730.ref032],[@pone.0237730.ref033]\]. Microbially-processed OM, together with detrital fractions \[[@pone.0237730.ref034]\], are transferred to higher trophic levels of subterranean biota \[[@pone.0237730.ref035]\] by higher primary consumers (i.e. terrestrial (troglofauna) and obligate aquatic (stygofauna)). As a result, subterranean carbon turnovers, often linked with recharge regimes \[[@pone.0237730.ref036]\], are ultimately responsible for cascading effects on energy flows and food web interactions \[[@pone.0237730.ref037]\].

The Sturt Meadows (SM) calcrete in Western Australia hosts a stygofaunal community composed of 18 macroinvertebrate species including blind dytiscid beetles and chiltoniid amphipods, and is a hotspot for subterranean aquatic invertebrate diversity \[[@pone.0237730.ref038],[@pone.0237730.ref039]\]. Recent investigations into the ecological functioning of the calcrete stygofaunal assemblages \[[@pone.0237730.ref040],[@pone.0237730.ref041]\] have indicated that rainfall input dynamics play a vital role in shaping cascade effects. Here, we extend this research by investigating carbon input dynamics and microbial processing under contrasting rainfall periods *via* hydrochemistry, stable and radiocarbon isotope ecology and DNA metabarcoding analyses. Through this multidisciplinary approach, we aim to 1) elucidate the nature of the carbon inputs under differential rainfall regimes, 2) provide isotope-based tracking of the organic and inorganic carbon sources in the groundwater, and 3) identify metabolic and functional microbial patterns coupled with organic inflows linked to rainfall percolation. The study of carbon inputs and their microbial incorporation has the potential to expand our understanding of the ecological dynamics sustaining biodiversity in this taxonomic hotspot.

Methodology {#sec002}
===========

Study area {#sec003}
----------

Field work was carried out at the Sturt Meadows (SM) calcrete, located within Sturt Meadows pastoral station in the northeast of the Yilgarn region (28°41′S 120°58′E), Western Australia ([Fig 1A](#pone.0237730.g001){ref-type="fig"}). The Yilgarn craton is one of the most important Late Archaean metallogenic provinces in the world \[[@pone.0237730.ref042]\], and constitutes the bulk of this Western Australian region. The area hosts calcretes formed by the precipitation of calcium carbonate along palaeodrainage channels \[[@pone.0237730.ref043]\], which have been the focus of research for more than a century \[[@pone.0237730.ref044],[@pone.0237730.ref045],[@pone.0237730.ref046]\]. The SM aquifer is located upstream of Lake Raeside, covering an area of \~43 km^2^, and has a strong biogeochemical gradient comparable to estuarine systems \[[@pone.0237730.ref039]\]. Previous studies of the depth and lithography of the calcrete \[[@pone.0237730.ref047],[@pone.0237730.ref048]\] identified two geological sectors: calcretes and clayey formations ([Fig 1B](#pone.0237730.g001){ref-type="fig"}). The mean permeability of the SM calcrete is similar to that of sand (1.9--4.6 × 10^−4^ m s--1 \[[@pone.0237730.ref049]\]), suggesting an average porosity of \~25% \[[@pone.0237730.ref050]\]. The average yearly rainfall of the area is low, at around 200 mm, and pan evaporation is 2400 mm year^-1^ (BoM). The aquifer is very shallow, located two to four metres below the surface, and is accessible through boreholes, initially drilled for mineral exploration, along a grid that can be divided into two sections. The northern grid is 0.9 × 1.4 km with bores spacing at 100 m in north-south and east-west directions, while the southern section is 1.2 × 0.9 km, containing bores separated from each other 100 m east--west and 200 m north--south ([Fig 1B](#pone.0237730.g001){ref-type="fig"}). These bores are unlined, except for about the upper 0.5 m which are lined with 10 cm diameter PVC pipe for stability, and capped with PVC lids to avoid rainfall falling directly into the aquifer \[[@pone.0237730.ref050]\].

![Borehole grid showing its location within the Yilgarn region (a), the geological sectors (b) and the bores sampled (D13 and W4, in red), together with the lithological profiles ((c) and (d)). CAL: soft calcrete, CZKS: siliceous calcrete, FZ: ferruginous zone, CLY: clay, GRA: granite, NL: no geology log, SLC: silcrete, GDR: granodiorite, ASB: asbestos, CA: cavity.](pone.0237730.g001){#pone.0237730.g001}

Field work procedures and sample preparation {#sec004}
--------------------------------------------

Groundwater samples were collected from the unlined bores at D13 (zone CD) and W4 (zone A2) using a submersible centrifugal pump (GEOSub 12V Purging Pump) after three well-volumes were purged and stabilisation of in-field parameters (temperature, pH, salinity, dissolved oxygen (DO) and oxidation-reduction potential (ORP)) was observed. The selected bores are representative of the two main geological units of the area, W4 being in calcrete and D13 in clayey formations ([Fig 1B, 1C and 1D](#pone.0237730.g001){ref-type="fig"}). Preliminary investigations on the hydrology of the SM aquifer indicated that these two bores are the most reliable (i.e. lowest risk of drying) to test biogeochemical and ecological patterns across time \[[@pone.0237730.ref041]\].

Rainfall and groundwater level fluctuations were monitored for one year (from 18/06/2017 to 17/06/2018) through a weather station installed near bore E7 ([Fig 1B](#pone.0237730.g001){ref-type="fig"}), and indicated very patchy rainfall events and periodic recharge dynamics typical of Western Australian calcrete systems \[[@pone.0237730.ref039]\]. However, monitoring of groundwater chemistry at the SM calcrete revealed infiltration of rainfall from the surface together with increased inputs of ammonia after rain precipitation \[[@pone.0237730.ref041]\]. For this study, two sampling campaigns, corresponding to contrasting rainfall periods as categorised by Hyde et al. \[[@pone.0237730.ref051]\], were carried out on the 7/11/2017 (low rainfall, LR; \<10 mm of rain during the 30 days prior to sampling) and on the 17/03/2018 (high rainfall, HR; \>30 mm of rain during the 30 days prior to sampling).

Changes in carbon content in water after different levels of rainfall were investigated using dissolved organic (DOC) and inorganic (DIC) carbon and their isotopes (δ^13^C~DOC~ and δ^13^C~DIC~) coupled with radiocarbon analysis (^14^C~DOC~ and ^14^C~DIC~). These techniques were complemented by measuring the DOC fluorescence. Samples for δ^13^C~DOC~ were filtered through 0.2 μm glass fiber filters, collected in 60 mL HDPE bottles and frozen after sampling. The ^14^C~DOC~ samples were filtered through 0.2 μm filters, collected in 1 L HDPE bottles and frozen after sampling. The δ^13^C~DIC~ samples were filtered through 0.2 μm filters, collected in 12 mL glass vials (Exetainers) and refrigerated after sampling. Samples for ^14^C~DIC~ analysis were filtered through 0.45 μm filters and collected in 1 L HDPE, with no further treatment. The DOC fluorescence samples were collected in 1 L HDPE bottles and kept refrigerated in darkness until further tests. Other hydrochemistry parameters such as water isotopes (^3^H, δ^18^O and δ^2^H) and chloride concentration (Cl^-^) were measured in water samples collected in 1 L HDPE bottles that were immediately frozen until further analyses. All samples were sealed with sealing tape after collection to limit atmospheric exchange, and kept in the dark.

Water samples for functional genomic investigations on the microbial community were collected from the bore W4 and stored in 1 L HDPE bottles and frozen immediately after collection. Samples were then filtered through 0.4 μm nitrocellulose membrane filters (Millipore, Sigma, Burlington, MA, USA) using a vacuum system, and the filtered content was kept frozen (-20°C) until further analyses. Temperature, pH, ORP, salinity, DO and depth were measured *in situ* (bores D13 and W4) using portable field measurement equipment (Hydrolab Quanta Multi-Probe Meter®). The field site was accessed and samples were collected with permit approval (permit number 08-003150-1) from the Department of Parks and Wildlife of Western Australia.

Instrument methods and data analysis {#sec005}
------------------------------------

### Biogeochemical measurements {#sec006}

DOC was determined by the non-purgeable organic carbon (NPOC) method using a Shimadzu high temperature combustion TOC-L/TNM-L analyser. DIC was obtained through a total organic carbon (TOC) configuration which measured the total carbon, followed by inorganic carbon. The TOC analysis was based on a standard method 5310-B \[[@pone.0237730.ref052]\] with detection by NDIR detector. Both DOC and DIC analyses were run in duplicates and the combustion temperature was 720°C.

δ^13^C~DOC~ isotopic ratios of waters were calculated using a Liquid Chromatography Isotope Ratio Mass Spectrometer (LC-IRMS) at the La Trobe Institute for Molecular Sciences (LIMS, La Trobe University, Melbourne, Australia) composed by a Accela 600 pump connected to a Delta V Plus Isotope Ratio Mass Spectrometer via a Thermo Scientific LC Isolink (Thermo Scientific). δ^13^C~DIC~ isotopic ratios in water were analysed by Isotope Ratio Mass Spectrometer--Western Australia Biogeochemistry Centre at The University of Western Australia using a GasBench II coupled with a Delta XL Mass Spectrometer (Thermo-Fisher Scientific)---and results, with a precision of ± 0.10 per mil (‰), were reported as ‰ deviation from the NBS19 and NSB18 international carbonate standard \[[@pone.0237730.ref053]\]. δ^13^C~DOC~ and δ^13^C~DIC~ values were reported ‰ relative to the Vienna Peedee Belemnite (VPDB).

For radiocarbon analyses of both the DOC and DIC (^14^C~DOC~ and ^14^C~DIC~), pre-treated samples were subjected to CO~2~ extraction and graphitization following the methodology of Hua et al. \[[@pone.0237730.ref054]\] and Bryan et al. \[[@pone.0237730.ref055]\]. ^14^C content of samples was determined by means of the Accelerator Mass Spectrometry (AMS) at ANSTO (Australian Nuclear Science and Technology Organisation) in Sydney, Australia \[[@pone.0237730.ref056]\]. Radiocarbon results were reported in conventional age before present (BP, with BP being 1950), percent of modern carbon (pMC) and Δ^14^C value in per mil (‰) relative to the absolute radiocarbon standard activity in 1950 \[[@pone.0237730.ref057]\].

Absorbance scans and excitation emission matrices (EEMs) were recorded simultaneously using an Aqualog® (Horiba Scientific). Fluorescence intensities were measured at excitation wavelengths 250--500 nm (1 nm increments) and emission wavelengths 250--575 nm (3 nm increments). The composition of DOM was characterised by a range of indices (HIX~EM~, BIX, FI, SUVA254; [S2 Table](#pone.0237730.s002){ref-type="supplementary-material"}) and by identifying individual fluorescent components using parallel factor analysis (PARAFAC) \[[@pone.0237730.ref058]\].

The δ^18^O and δ^2^H were analysed by IRMS at ANSTO, and their values are reported as per mil (‰) deviations from the international standard V-SMOW and were reproducible to ±0.1‰ and ±1.0‰. The ^3^H activities were expressed in tritium units (TU, uncertainty of ± ≤ 0.1 TU and quantification limit of ≤ 1 TU) and were analysed by liquid scintillation counting \[[@pone.0237730.ref059]\].

### Genetic analyses {#sec007}

Three 1 litre water sample replicates collected from bore W4 (zone A2) during both rainfall periods (LR and HR) were used for bacterial 16S metabarcoding and microbial functional analysis. Water samples were filtered using two Sentino peristaltic microbiology pumps (Pall Life 126 Sciences, New York, USA), through 0.45 μm sterile membrane filters (Pall Life Sciences, New York, USA). All water filtering equipment was soaked for a minimum of 10 minutes in 10% sodium hypochlorite solution and treated with UV light prior to use and between samples. Immediately post-filtering, half of the filter membrane was used for DNA extraction, while the remaining half was frozen at -20°C.

Water membranes, inclusive of laboratory controls, were extracted using DNeasy Blood and Tissue Kit (Qiagen; Venlo, Netherlands), with the following modifications to the manufacturer's protocol. For the DNA digest, both the ATL buffer (360 μL) and Proteinase K (40 μL) solutions were doubled to ensure that the membranes were adequately exposed to the lysis solution to optimise DNA yield. The DNA digests were incubated (56°C) overnight in a rotating hybridisation oven. The digest was transferred into a clean tube and loaded into a QIAcube (Qiagen; Venlo, Netherlands) automated DNA extraction system for the remainder of the extraction process. The DNA was eluted off the silica column in 100 μL AE buffer.

The quality and quantity of DNA extracted from each water membrane was measured using quantitative PCR (qPCR), targeting the bacterial 16S gene. PCR amplifications to assess the quality and quantity of the DNA target of interest via qPCR (Applied Biosystems \[ABI\], USA) were carried out in 25 μL reaction volumes consisting of 2 mM MgCl2 (Fisher Biotec, Australia), 1 x PCR Gold Buffer (Fisher Biotec, Australia), 0.4 μM dNTPs (Astral Scientific, Australia), 0.1 mg bovine serum albumin (Fisher Biotec, Australia), 0.4 μM of each primer (Bact16S_515F and Bact16S_806R; \[[@pone.0237730.ref060],[@pone.0237730.ref061]\]), 0.2 μL of AmpliTaq Gold (AmpliTaq Gold, ABI, USA) and 2 μL of template DNA (Neat, 1/10, 1/100 dilutions). The cycling conditions were: initial denaturation at 95°C for 5 minutes, followed by 40 cycles of 95°C for 30 seconds, 52°C for 30 seconds, 72°C for 30 seconds, and a final extension at 72°C for 10 minutes.

Extracts that successfully yielded DNA of sufficient quality, free of inhibition, as determined by the initial qPCR screen (detailed above), were assigned a unique 6-8bp multiplex identifier tag (MID-tag) with the bacterial 16S primer set. Independent MID-tag qPCR for each water membrane were carried out in 25μL reactions containing 1X PCR Gold Buffer, 2.5mM MgCl2, 0.4mg/mL BSA, 0.25mM of each dNTP, 0.4μM of each primer, 0.2μL AmpliTaq Gold and 2--4μL of DNA as determined by the initial qPCR screen. The cycling conditions for qPCR using the MID-tag primer sets were as described above. MID-tag PCR amplicons were generated in duplicate and the library was pooled in equimolar ratio post-PCR for DNA sequencing. The final library was size selected (160-600bp) using Pippin Prep (Sage Sciences, USA) to remove any MID-tag primer-dimer products that may have formed during amplification. The final library concentration was determined using a QuBitTM 4 Fluorometer (Thermofischer, Australia) and sequenced using a 300 cycle V2 kit on an Illumina MiSeq platform (Illumina, USA).

MID-tag bacterial 16S sequence reads obtained from the MiSeq were sorted (filtered) back to the water sample based on the MID-tags assigned to each DNA extract using Geneious v10.2.5 \[[@pone.0237730.ref062]\]. MID-tag and primer sequences were trimmed from the sequence reads allowing for no mismatch in length or base composition.

Filtered reads were input into a containerised workflow comprising USEARCH \[[@pone.0237730.ref063]\] and BLASTN \[[@pone.0237730.ref064]\]. The fastx-uniques, unoise3 (with minimum abundance of 8) and otutab commands of USEARCH were applied to generate unique sequences, ZOTUs (zero-radius OTUs) and abundance table, respectively. The ZOTUs were compared against the nucleotide database using the following parameters in BLASTN: perc_identity \> = 94, evalue \< = 1e-3, best_hit_score_edge 0.05, best_hit_overhang 0.25, qcov_hsp_perc 100, max_target_seqs = 5. An in-house Python script was used to assign the ZOTUs to their lowest common ancestor (LCA). The threshold for dropping a taxonomic assignment to LCA was set to perc_identity \> = 96 and the difference between %identity of the two hits when their query coverage is equal was set to 1.

To investigate functional activity involved in carbon cycling, the 16S metabarcoding data were fed to the Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2 (PICRUSt2) software package to generate predicted metagenome profiles \[[@pone.0237730.ref065]\]. These profiles were clustered into Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthologs (KOs) \[[@pone.0237730.ref066]\] and MetaCyc pathway abundances \[[@pone.0237730.ref067]\] focusing on carbon metabolism and degradation pathways, respectively.

Statistical analysis {#sec008}
--------------------

The statistical analyses on isotope, fluorescence and absorbance data were performed in R software version 3.6.0 (Development-Core-Team, 2016). DOC, DIC, δ^13^C~DOC~ and δ^13^C~DIC~ values (obtained from two independent replicates per parameter) per bore (W4 and D13) were compared across the two rainfall events using ANOVAs (R-package 'stats'). Radiocarbon results were unique per bore and sampling campaign, therefore data were not analysed statistically.

The R package staRdom (version 1.1.1) \[[@pone.0237730.ref068]\] was used to correct EEMs, calculate all fluorescence/absorbance indices and for conducting PARAFAC modelling. EEMs were corrected for blanks (Milli-Q water), inner filter effects, Raman normalised \[[@pone.0237730.ref069]\], and scatter (Raman and Rayleigh) were removed and interpolated prior to PARAFAC. Our PARAFAC model was split-half validated \[[@pone.0237730.ref070]\] and recognized five fluorescent components ([S1 Fig](#pone.0237730.s005){ref-type="supplementary-material"}). These components are reported as maximum fluorescence intensity of each component (Fmax) in each sample. Principal Components Analysis (PCA) was conducted on fluorescence/absorbance indices to assess differences between sites and rainfall period. The R studio (version 3.6.1) 'prcomp' function was used to carry out the PCA and results are presented in two dimensions (PC1 and PC2) along with eigenvectors. Differences in HIX~EM~, BIX, FI and A~254~ between sites and rainfall periods were tested using 2-way ANOVA, where site and rainfall period (and their possible interaction) were treated as fixed factors. Tukey's HSD tests were performed to determine which of the means were significantly different when significant main effects were found. Data were log transformed to achieve normality when required.

Beta diversity patterns---the variations in species composition among rainfall periods---were analysed through the calculation of the Ochiai index \[[@pone.0237730.ref071]\] (R-package 'adespatial') and the quotient of the temporal turnover (Simpson pairwise dissimilarity) and total dissimilarity (measures as Sorensen pair-wise dissimilarity) (R-package 'betapart', function *beta*.*pair*). Pielou's evenness index (J) was calculated to infer the degree of dominant species in abundance, with values ranging from 0 (no evenness at all) to 1 (complete evenness). The Phyloseq package in R \[[@pone.0237730.ref072]\] was used to plot the ZOTU abundance at the family and genus level for low rainfall (LR) and high rainfall (HR) periods from the bore W4. The Statistical Analysis of Metagenomic Profiles (STAMP) bioinformatics software package was used to visualize and determine statistically significant results from the PICRUSt2 output \[[@pone.0237730.ref073]\]. For comparison of potential microbial metabolic shifts across rainfall periods, the White's non parametric t-test was used for both carbon metabolism and degradation pathways with confidence intervals of 95%, and visualized with extended error bar plots.

Results {#sec009}
=======

Carbon inputs across rainfall periods {#sec010}
-------------------------------------

The DOC concentrations ranged from 0.39 ± 0.21 mg/L (W4 under LR) to 1.94 ± 0.75 mg/L (D13 during HR), while concentrations of dissolved inorganic carbon (DIC) ranged from 63.5 ± 0.14 mg/L (W4 under LR) to 87.44 ± 0.66 mg/L (D13 during HR). D13 had consistently higher DOC than W4.

DOC concentrations for bore W4 significantly increased under HR compared to LR (ANOVA, *P* \< 0.05). Concurrently, W4 had significantly more positive δ^13^C~DOC~ values under HR conditions than under LR conditions (ANOVA, *P* \< 0.001) ([Fig 2A](#pone.0237730.g002){ref-type="fig"}). Groundwater from bore D13 also had higher DOC levels under HR ([Fig 2A](#pone.0237730.g002){ref-type="fig"}) than those during LR, but this was not statistically significant. δ^13^C~DOC~ values in D13 did not change after rainfall ([S1 Table](#pone.0237730.s001){ref-type="supplementary-material"}), while its ^14^C~DOC~ ages also remained similar between LR and HR, being younger than those in W4 ([Fig 2C](#pone.0237730.g002){ref-type="fig"}). Compared to W4, DIC concentrations were higher in D13, and δ^13^C~DIC~ values were less enriched, but these differences were not statistically significant ([Fig 2B](#pone.0237730.g002){ref-type="fig"}). Similar increasing trends were found for DIC concentration and Δ^14^C~DIC~ values for the two bores when LR was compared to HR ([Fig 2D](#pone.0237730.g002){ref-type="fig"}).

![Bar charts illustrating DOC and DIC concentrations (a and b), and respective percent of modern carbon (pMC, with modern defined as 1950) (c and d) from the bores W4 and D13 across LR (dark yellow) and HR (blue). The whiskers of the bars refer to standard deviation values. Combined line graphs refer to δ^13^C DOC (a), δ^13^C DIC (b), Δ^14^C DOC (c) and Δ^14^C DIC (d). \* significant trend with *P* value \< 0.05; \*\* significant trend with *P* value \< 0.005; \*\*\* significant trend with *P* value \< 0.0005. Refer to [S1 Table](#pone.0237730.s001){ref-type="supplementary-material"} for the specific values of the parameters.](pone.0237730.g002){#pone.0237730.g002}

Increasing trends for water temperature, DO (bore D13) and chloride concentrations where coupled with decreasing patterns for pH, DO (bore W4), ORP and depth ([S4 Table](#pone.0237730.s004){ref-type="supplementary-material"}) when LR is compared to HR. δ^18^O and δ^2^H values did not vary across rainfall periods within the two bores analysed, while Tritium values from bore D13 were slightly lower during HR (0.53TU) when compared to LR (0.77 TU).

Fluorescence and absorbance characterisation {#sec011}
--------------------------------------------

Parallel factor analysis (PARAFAC) identified five unique humic-like fluorescent components ([S1 Fig](#pone.0237730.s005){ref-type="supplementary-material"}). Component 1 (C1) had a primary excitation peak at \<250 nm and secondary peak at 330 nm with a broad emission peak from 370 to \>575 nm (Em. max at 415 nm). Component 2 (C2) had an excitation peak at \<250 nm and at 300 nm with a broad emission peak from 350 to \>575 nm (Em. max at 395 nm). Component 3 (C3) had an excitation peak at 268 nm and at 386 nm with a broad emission peak from 400 to \>575 nm (Em. max at 446 nm). Component 4 (C4) had an excitation peak at 260 nm and at 370 nm with a broad emission peak from 420 to \>600 nm (Em. max at 493 nm). Component 5 (C5) had an excitation peak at 250 nm and at 318 nm with an emission peak from 310 to \>410 nm (Em. max at 364 nm). The rainfall affected the fluorescence intensity of all PARAFAC components. For site D13, the fluorescence maximum (Fmax) of all components increased after HR, while site W4 displayed the opposite trend, with elevated fluorescence after low rainfall (LR) ([Fig 3A](#pone.0237730.g003){ref-type="fig"}). During both rainfall periods the Fmax of all components at site D13 was greater compared to site W4 ([Fig 3A](#pone.0237730.g003){ref-type="fig"}). Further, the relative composition of components changed between bores. C1 was most predominant across both bores and recharge periods explaining 37--50% of the CDOM signal. The contribution of C3 and C4 was consistent across samples and rainfall regimes ranging from 20--25% and 12--15% respectively. C5 had the largest change in contribution between the bores; contributing 7--8% at bore D13 and 13--18% at bore W4. Finally, during HR there was no presence of C2 at bore W4 ([Fig 3A](#pone.0237730.g003){ref-type="fig"}).

![CDOM characterisation between bores and recharge periods.\
(a) Fluorescence maximum in Raman units (Fmax) and percent contribution of the five PARAFAC components (i.e. C1, C2, C3, C4 and C5), (b) PCoA ordination discriminating PARAFAC components, fluorescence indices (HIX~EM~, BIX) and absorbance indices (A~254~) where correlations of indices with axes are visualised as arrows, and, (c) BIX, HIX~EM~, and A~254~ values. Significant post hoc comparisons (*P* \< 0.05) are indicated by lowercase letters.](pone.0237730.g003){#pone.0237730.g003}

Optical indices (HIX~EM~, A~254~, BIX) varied between sites and rainfall period ([Fig 3B](#pone.0237730.g003){ref-type="fig"}). Overall, PCA of optical indices revealed a marked shift in CDOM composition for site W4, from more terrestrially derived compounds during LR to compounds with a lesser degree of humification during HR (i.e., microbial derived, autochthonous) ([Fig 3B](#pone.0237730.g003){ref-type="fig"}). In contrast, site D13 displayed negligible changes in CDOM composition, displaying slightly greater intensity of humic-like/terrestrial compounds during HR compared to during LR ([Fig 3B](#pone.0237730.g003){ref-type="fig"}). The humification index (HIX~EM~) ranged from 0.89 to 0.99, indicating that CDOM for both bores and rainfall periods was largely comprised of humic compounds, as HIX~EM~ values above 0.9 indicate a greater degree of humification \[[@pone.0237730.ref075],[@pone.0237730.ref076],[@pone.0237730.ref077]\]. During HR, both sites showed a marginal decrease in their HIX~EM~ values, especially for site W4, however both remained close to 0.9 ([Fig 3C](#pone.0237730.g003){ref-type="fig"}). Greater A~254~ absorbance at bore D13 indicated more aromatic content than site W4 ([Fig 3B and 3C](#pone.0237730.g003){ref-type="fig"}). Interestingly, BIX was greater at site W4 (μ = 1.53 ± 0.11) during HR than during LR (μ = 1.07 ± 0.04) and compared to site D13 (μ = 0.87 ± 0.01) for either rainfall period (*P* \< 0.05, [Fig 3C](#pone.0237730.g003){ref-type="fig"}). The fluorescence index (FI) indicated CDOM was of terrestrial origin (FI \~ 1.4; \[[@pone.0237730.ref078]\]) and did not change between bores or rainfall periods (μ = 1.46 ± 0.02; [Fig 3C](#pone.0237730.g003){ref-type="fig"}).

Microbial patterns {#sec012}
------------------

The 16S rRNA sequencing yielded 7503 sequences clustered into 87 ZOTUs (37 ZOTUs either belonged to uncultured bacteria or no reference was available). After the removal of the ZOTUs associated with the lab controls (N = 16), 25 ZOTUs were unique to LR, 25 ZOTUs belonged to HR, and both rainfall periods shared the other 21 ZOTUs. During LR, the dominant ZOTUs belonged to the families Rhodobacteraceae (*Paracoccus* sp. and *Roseivarius* sp.), Pseudomonadaceae (*Pseudomonas* sp.), Planococcacea (*Planomicrobium* sp.) and Caulobacteraceae (*Brevundimonas* sp.). Under HR the dominant ZOTUs corresponded to the families Rhodobacteraceae (*Stappia* sp. and *Roseibacterium* sp.), Phyllobacteriaceae (*Nitratireductor* sp.) and Rhodospirillaceae (*Thalassobaculum* sp. and *Tageae* sp.) ([S2 Fig](#pone.0237730.s006){ref-type="supplementary-material"}). All the genera experienced turnovers between LR and HR (Ochiai index, *P* \< 0.05), suggesting that a shift in community assemblages across the two rainfall events had occurred. Specifically, 81.5% of the dissimilarity is due to genus replacement between rainfall periods (turnover), with the rest (18.5%) explained by the nestedness (species loss from rainfall period to rainfall period). Values of the Pielou's evenness index (J) during LR and HR ranged from 0.71 to 0.74.

Predictions of the quantitative proportion of individual metabolic pathways related to carbon turnover revealed a dominance of carbon fixation (46%) and methane metabolism (40%), followed by carbohydrate (8%) and lipid metabolisms (6%) ([Fig 4A](#pone.0237730.g004){ref-type="fig"}). Despite being more abundant under LR for the former two, none of the four main metabolic categories changed significantly between LR and HR. Pairwise tests indicated that 4 out of the 10 carbon processing pathways ([Fig 4B](#pone.0237730.g004){ref-type="fig"}) and 10 out of the 76 degradative pathways examined ([Fig 4C](#pone.0237730.g004){ref-type="fig"}) were significantly (*P* \< 0.05) overrepresented in one of the two rainfall periods (either LR or HR). For carbon metabolism, the dicarboxylate-hydroxybutyrate cycle was more abundant during LR, whereas the reductive pentose phosphate cycle, pentose phosphate pathway and reductive acetyl-CoA pathway were more abundant during HR. With the exception of the glycogen degradation pathway, all the degradative pathways (arginine, purine, catechol, glucose, salicylate and aromatic compounds) were more abundant during HR. All pathways tested can be found in [S3 Table](#pone.0237730.s003){ref-type="supplementary-material"}.

![Prediction of the microbial community metabolic status based on 16S rRNA amplicon sequencing and functional genomics analyses between LR and HR periods from the bore W4.\
(a) doughnut chart showing the proportion of the metabolisms considered compared with the total pathways detected and the specific proportions of methane (green), carbohydrates (red), lipid (light blue and carbon fixation (yellow) metabolisms (derived from KOs). (b) and (c) extended error bar plots of predictive metagenome pathways differentially abundant between rainfall periods (*P* \< 0.05, White's non parametric t-test).](pone.0237730.g004){#pone.0237730.g004}

Discussion {#sec013}
==========

Carbon replenishment in groundwater systems {#sec014}
-------------------------------------------

In groundwater systems, carbon is replenished by diffuse recharge through the unsaturated zone and/or *via* direct recharge from surface waters \[[@pone.0237730.ref079]\]. These processes are linked to rainfall conditions (i.e. wet/dry periods) and the hydrology of the system. SW/GW interactions drive OM incorporation into the ecosystem, which is typically characterised by low carbon content \[[@pone.0237730.ref021]\].

Aquifer recharge indicators such as tritium, oxygen-18 and deuterium did not vary much in the SM system between rainfall periods, suggesting limited recharge during our study. Conversely, chloride concentrations increased under HR ([S4 Table](#pone.0237730.s004){ref-type="supplementary-material"}), suggesting intrusion of hypersaline water from the surface during this period. These results indicate that carbon and nutrient inflows occur despite low recharge after rainfall, suggesting that soil zone processing plays a key role in regulating the biochemical flows at SM aquifer \[[@pone.0237730.ref025]\].

DOC concentrations show increasing trends after rainfall (HR), although only statistically significant for W4, indicating some carbon inputs to the system. At bore W4, older (^14^C~DOC~) and enriched DOC (δ^13^C~DOC~) was found under HR, suggesting a sedimentary organic matter source, likely subject to microbial reprocessing causing stable isotope enrichment. In contrast, bore D13 showed stable trends characterised by modern DOC inputs. This difference in biochemical patterns suggests that *in situ* carbon sources play a central role at bore W4, possibly in tandem with changes in microbial activity occurring during HR. Meanwhile, bore D13 is receiving steady inflows of younger (and less microbially recycled) OM.

Patterns of DIC concentrations and δ^13^C~DIC~ were steady across rainfall regimes. Inorganic dissolution was higher in D13, and input from younger carbonates (the inorganic fraction of carbon in calcretes) was detected. Overall, our isotopic data from organic and inorganic carbon indicated different responses in the upper (northeast, D13) and lower (southwest, W4) catchments, with D13 showing more modern carbon but less response to the rainfall event.

Groundwater CDOM quality depended on the bore and rainfall period. Humification (HIX~EM~) and fluorescence index (FI) values indicated that CDOM from both bores, regardless of rainfall period, were dominated by high molecular weight molecules (humic-like fluorophores) associated with the presence of terrestrially derived organic matter (i.e. FI \~ 1.4, HIX~EM~\>0.9; \[[@pone.0237730.ref076],[@pone.0237730.ref078]\]). Furthermore, most CDOM components (C1-C4) were identified as large molecular weight humic-like compounds derived from terrestrial plant material, with the exception of C5 which was identified as UVA humic-like, a lower molecular weight component that is associated with autochthonous production and microbial processing \[[@pone.0237730.ref074]\]. The intensity of components C1-C4 was greater in bore D13 for both rainfall periods, which is consistent with the presence of the more modern and less ^13^C enriched terrestrial carbon at this site shown by the isotopic data (i.e. \>DOC). Fellman et al. \[[@pone.0237730.ref080]\] also showed an overall decrease in fluorescence characteristics from the upper to lower catchment in pools of the semiarid Pilbara (Western Australia). The fluorescence results indicate that the dominant source of groundwater carbon at Sturt Meadows aquifer is the terrestrial soil. However, during HR, bore W4 shows elevated BIX (\>1.5) values, indicating the presence of CDOM with an autochthonous origin (i.e. microbially derived; \[[@pone.0237730.ref081]\]), along with an increased relative contributions of a lower molecular weight component (i.e. C5) at this bore. This is again consistent with the isotopic results, and suggests that the HR event is stimulating specific microbial activity at this site, leading to changes in the recycling of older organic matter, and stable isotopic enrichment.

One potential explanation for this is the infiltration of ions from hypersaline surficial soils into the groundwater during HR, as well as potential mixing with the adjacent lake Raeside (i.e. increased Cl^-^ concentrations during HR, [S4 Table](#pone.0237730.s004){ref-type="supplementary-material"}), forming a groundwater estuary \[[@pone.0237730.ref039]\]. Autochthonous CDOM is more common in estuarine and marine environments compared to freshwater bodies \[[@pone.0237730.ref082]\] and has been reported across microtidal subterranean estuaries \[[@pone.0237730.ref083]\]. The occurrence of autochthonous CDOM at W4 but not D13 may relate to either its geology (W4 is in calcrete, while D13 has a higher proportion of clay), or its position in the lower half of the bore field which is hydrologically nearer to the neighbouring saline systems. Incorporation of further data from other boreholes across the two geological sectors is needed to fully elucidate the mechanisms underpinning these observations.

One alternative explanation for the CDOM results would be an influx of photochemically altered older carbon from the overlying soils, as the non-mineralized fraction of photobleached CDOM has optical properties that are similar to estuarine and marine CDOM \[[@pone.0237730.ref075],[@pone.0237730.ref081]\]. However, there is no obvious explanation as to why this should occur only around bore W4.

Overall, our results suggest that rainfall events play a role in regulating carbon stocks at the SM calcrete, but that the resultant changes are not straightforward. The rainfall events measured were not substantial enough to trigger a full hydrological recharge of the system---something that will become more common with the declining rainfall in the Yilgarn region---but nonetheless sufficiently affected the lower part of the bore field to drive changes in the OM type. To understand the details of this change, a better understanding of the microbiome of the system and its interaction with changes in water chemistry is required. Several investigations have stressed the importance of rainfall events as ecological drivers leading to shifts in biotic community assemblages in groundwater environments \[[@pone.0237730.ref036],[@pone.0237730.ref084]\]. The current climate change scenario predicts reduced rainfall events linked to increased droughts, events that are likely to affect the biochemical balance sustaining biota in groundwater \[[@pone.0237730.ref085],[@pone.0237730.ref086]\]. Modelling of current ecological dynamics will allow prediction of future effects to the vital (and too often taken for granted) ecosystem services provided by groundwater environments.

Microbial patterns and carbon pathways {#sec015}
--------------------------------------

The studied rainfall events triggered shifts in the microbial community assemblages in bore W4. Under both rainfall conditions, the microbial community was typical of saline and hypersaline environments \[[@pone.0237730.ref087],[@pone.0237730.ref088]\]. Rhodobacteracea, the most widely distributed bacteria in marine environments \[[@pone.0237730.ref089]\], was found to be the most dominant family on site. Interestingly, families that were highly abundant under HR (i.e. Phyllobacteriaceae and Rhodospirillaceae) were scarce under the LR period, indicating that rainfall provides conditions for their proliferation; this is again consistent with the findings from the carbon isotopic and fluorescence analyses that there is a change in microbial activity during HR. Conversely, the vast majority of other families--especially Pseudomonadacea, Planococcaceae and Caulobacteraceae--were only present during LR. Genus level analysis indicated a more abundant and diverse community under LR than HR. Decline in biodiversity during recharge events has been ascribed to dilution processes caused by water inflows linked to storm events decreasing the density of micro-organisms and thus their detectability \[[@pone.0237730.ref090]\], and low recharge regimes have been suggested hosting the baseline autochthonous microbial community \[[@pone.0237730.ref091]\]. While dilution processes may play a role at SM calcrete, a more comprehensive understanding of the microbial ecological dynamics and their variation over time is needed, requiring further long-term investigation.

The putative assessment of pathways related to cells' carbon metabolisms provided evidence for inorganic carbon fixation and methane pathways (i.e. methane oxidation), two of the most common biochemical routes reported in groundwater systems \[[@pone.0237730.ref032],[@pone.0237730.ref092],[@pone.0237730.ref093]\]. No significant changes in the proportions of each of the main pathways were detected between LR and HR. In a recent study, Hofmann and Griebler \[[@pone.0237730.ref020]\] tested the 'priming effect'---the activation of microbial growth and OM transformation under increased OM availability---in groundwater. After a series of laboratory experiments under increasing nutrient concentrations, no evidence of priming could be observed. While in overall agreement with these findings, our investigation of specific metabolic pathways revealed a substantial increase in degradative pathways under HR in W4, which is again consistent with the fluorescence and isotopic results. Pathways involved in breaking down aromatic compounds were the most abundant, accounting for 50% (5 out of 10) of the degradative metabolisms that significantly increased after rainfall. Volatile organic compounds, such as toluene, catechol and phenyl acetate, have been found to be very abundant in contaminated aquifers \[[@pone.0237730.ref094],[@pone.0237730.ref095],[@pone.0237730.ref096]\] and may also occur naturally in the hypersaline lakes of Western Australia \[[@pone.0237730.ref097]\]. Aromatic compounds have been found leaching into groundwater after rainfall and shifting the character of DOM in sandy aquifers \[[@pone.0237730.ref021]\], confirming their importance as biochemical drivers in typically low energy systems \[[@pone.0237730.ref098]\]. After rainfall, the microbial community in W4 seemed to profit from increases and changes in OM, as indicated by the high abundances of taxa potentially involved in aromatic compound degradation such as *Stappia* sp., *Roseibacterium* sp., *Tageae* sp. and *Thalassobaculum* sp. \[[@pone.0237730.ref089],[@pone.0237730.ref099]\]. Taxa with a high affinity to denitrification processes such as *Paracoccus* sp., *Roseovarius* sp., *Brevundimonas* sp. and *Planomicrobium* sp. \[[@pone.0237730.ref089],[@pone.0237730.ref100],[@pone.0237730.ref101]\], dominated under LR. However, denitrifying *Nitratireductur* sp. was also present under HR, suggesting that nitrogen (nitrates, nitrites and ammonia) provides basal energy sources under both rainfall conditions. However, additional investigations on specific nitrogen pathways of SM calcrete bacteria will be necessary to elucidate this further.

Degradation of glucose (polysaccharide of glucose) also increased under HR, suggesting adaptations to the increased OM. During these conditions, abundances of *Pseudomonas* sp., one of the most opportunistic and versatile bacteria on earth---plummeted, probably due to the repressing effect of glucose on the expression of several genes \[[@pone.0237730.ref102]\]. The other three degradative metabolic pathways which were more abundant after rainfall, arginine, ornithine and purine, constitute catabolic pathways whose main product is ammonia \[[@pone.0237730.ref103]\]. High ammonia concentrations were detected under HR \[[@pone.0237730.ref041]\], previously ascribed to dissolution and overland transport of animal waste \[[@pone.0237730.ref047]\], and might represent a compendium of nutrient inputs and metabolic production. The only degradative pathway that was significantly overrepresented during LR was the degradation of glycogen, the primary carbon and energy storage compound of many bacteria \[[@pone.0237730.ref104]\]. Our results are in line with Yamamotoya et al. \[[@pone.0237730.ref105]\], suggesting that this polysaccharide of glucose is key to long-term bacterial survival and is utilised when carbon sources become limiting, as per the case of the LR period.

Another pathway that followed this decreasing trend after rainfall was the dicarboxylate-hydroxybutyrate cycle. Characteristic for microaerophiles and anaerobes \[[@pone.0237730.ref106]\], this cycle is considered 'energetically efficient' in contrast to other autotrophic carbon fixation pathways \[[@pone.0237730.ref107]\]. A plausible explanation is that the dicarboxylate-hydroxybutyrate pathway is activated when OM is scarce (such as LR), and uncommon under HR when OM is more available. In addition to pathways involving OM processing, those involving inorganic carbon fixations, namely the reductive acetyl-CoA pathway and reductive pentose phosphate cycle, also increased after rainfall. Inorganic incorporation might play a role in natural carbon fixation and cycling in groundwater microbes \[[@pone.0237730.ref108]\], an assumption that has rarely been tested.

Conclusions {#sec016}
===========

A combination of biochemical and genetic data allowed preliminary untangling of the biochemical function regulating microbial communities at the SM calcrete ([Fig 5](#pone.0237730.g005){ref-type="fig"}). Given their importance in allowing the transition between abiotic to biotic frameworks, bacteria are vital in shaping the biochemical flows regulating subterranean biodiversity \[[@pone.0237730.ref109]\]. However, despite their importance, many questions about subterranean microbial processes remain unresolved. Indeed, the fields of groundwater ecology and subterranean microbiology would mutually benefit from the integration of respective insights. Due to increased natural and anthropic pressures, subterranean biotic communities are currently being exposed to increased losses of taxonomical and functional diversity, leading to poorer and more fragile groundwater ecosystems \[[@pone.0237730.ref110]\]. Further medium to long term interdisciplinary studies monitoring the changes in groundwater ecological dynamics will allow to assess the impact of climate changes on one of the most essential ecosystems in the world.

![Scheme of the main degradative pathways and biochemical patterns under HR.\
(a) glucose degradation, (b) aromatic degradation, (c) arginine and ornithine degradation, (d) purine degradation, (e) DOC replenishment inferred from isotopic data, (f) terrestrially derived CDOM inflows (fluorescence analysis) and (g) increase in ammonia concentrations as a result of nutrients inputs from the surface and microbial metabolic activities (purine and amino acid degradation).](pone.0237730.g005){#pone.0237730.g005}

Supporting information {#sec017}
======================

###### DOC (Dissolved Organic Carbon) and DIC (Dissolved Inorganic Carbon) concentrations (mg/L), δ^13^C DOC, δ^13^C DIC, pMC DOC, Δ^14^C DOC, Conventional Age DOC, pMC DIC, Δ^14^C DIC, Conventional Age DIC for the bores W4 and D13.

BP: before present with present being 1950 AD; pMC: percent of modern carbon.

(DOCX)

###### 

Click here for additional data file.

###### Fluorescence/absorbance indices and their definitions.

Adapted from Coble et al. \[111\]. Note: em = emission wavelengths, ex = excitation wavelengths.

(DOCX)

###### 

Click here for additional data file.

###### Abundances of PICRUSt2 outputs relating to carbon metabolism (KO, level 3) and degradative pathways (MetaCyc).

Pathways in bold indicate the significantly (*P* \< 0.05) overrepresented pathways in one of the two rainfall periods.

(DOCX)

###### 

Click here for additional data file.

###### Hydrochemical values of the bores D13 and W4 under LR and HR.

Na: Not available. Units of δ^18^O and ^2^H in per mil (‰), and units of tritium in TU (Tritium Units).

(DOCX)

###### 

Click here for additional data file.

###### 

Two-dimensional (left panel) and three-dimensional (mid panel) fluorescence landscapes, and the excitation (grey line) and emission (black line) spectra (right panel) for the five different components identified by the PARAFAC model. Intensity is scaled to a maximum fluorescence of 1.

(DOCX)

###### 

Click here for additional data file.

###### Bar plots illustrating the abundances of genus and families under LR and HR.

Abundances corresponding to the 37 ZOTUs without a reference/belonging to uncultured bacterium were removed from the figure for clarity purposes.

(DOCX)

###### 

Click here for additional data file.

We wish to acknowledge the traditional custodians of the land, the Wongai people, and their elders, past, present and emerging. We acknowledge and respect their continuing culture and the contribution they make to the life of Yilgarn region. The authors thank Flora, Peter and Paul Axford of the Meadows Station for their kindness and generosity in providing both accommodation and access to their property.

10.1371/journal.pone.0237730.r001

Decision Letter 0

Liu

Jian

Academic Editor

© 2020 Jian Liu

2020

Jian Liu

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

21 May 2020

PONE-D-20-08624

Tracking down carbon inputs underground from an arid zone Australian calcrete

PLOS ONE

Dear Dr. Saccò,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Please submit your revised manuscript by Jul 05 2020 11:59PM. If you will need more time than this to complete your revisions, please reply to this message or contact the journal office at <plosone@plos.org>. When you\'re ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). You should upload this letter as a separate file labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. You should upload this as a separate file labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. You should upload this as a separate file labeled \'Manuscript\'

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

Jian Liu

Academic Editor

PLOS ONE

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at <https://journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <https://journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. We note that Figure 1 in your submission contain \[map/satellite\] images which may be copyrighted. All PLOS content is published under the Creative Commons Attribution License (CC BY 4.0), which means that the manuscript, images, and Supporting Information files will be freely available online, and any third party is permitted to access, download, copy, distribute, and use these materials in any way, even commercially, with proper attribution. For these reasons, we cannot publish previously copyrighted maps or satellite images created using proprietary data, such as Google software (Google Maps, Street View, and Earth). For more information, see our copyright guidelines: <http://journals.plos.org/plosone/s/licenses-and-copyright>.

We require you to either (1) present written permission from the copyright holder to publish these figures specifically under the CC BY 4.0 license, or (2) remove the figures from your submission:

a\. You may seek permission from the original copyright holder of Figure 1 to publish the content specifically under the CC BY 4.0 license.

We recommend that you contact the original copyright holder with the Content Permission Form ([http://journals.plos.org/plosone/s/file?id=7c09/content-permission-form.pdf](about:blank)) and the following text:

"I request permission for the open-access journal PLOS ONE to publish XXX under the Creative Commons Attribution License (CCAL) CC BY 4.0 ([http://creativecommons.org/licenses/by/4.0/](about:blank)). Please be aware that this license allows unrestricted use and distribution, even commercially, by third parties. Please reply and provide explicit written permission to publish XXX under a CC BY license and complete the attached form."

Please upload the completed Content Permission Form or other proof of granted permissions as an \"Other\" file with your submission.

In the figure caption of the copyrighted figure, please include the following text: "Reprinted from \[ref\] under a CC BY license, with permission from \[name of publisher\], original copyright \[original copyright year\]."

b\. If you are unable to obtain permission from the original copyright holder to publish these figures under the CC BY 4.0 license or if the copyright holder's requirements are incompatible with the CC BY 4.0 license, please either i) remove the figure or ii) supply a replacement figure that complies with the CC BY 4.0 license. Please check copyright information on all replacement figures and update the figure caption with source information. If applicable, please specify in the figure caption text when a figure is similar but not identical to the original image and is therefore for illustrative purposes only.

The following resources for replacing copyrighted map figures may be helpful:

USGS National Map Viewer (public domain): [http://viewer.nationalmap.gov/viewer/](about:blank)

The Gateway to Astronaut Photography of Earth (public domain): [http://eol.jsc.nasa.gov/sseop/clickmap/](about:blank)

Maps at the CIA (public domain): [https://www.cia.gov/library/publications/the-world-factbook/index.html](about:blank) and [https://www.cia.gov/library/publications/cia-maps-publications/index.html](about:blank)

NASA Earth Observatory (public domain): [http://earthobservatory.nasa.gov/](about:blank)

Landsat: <http://landsat.visibleearth.nasa.gov/>

USGS EROS (Earth Resources Observatory and Science (EROS) Center) (public domain): [http://eros.usgs.gov/\#](about:blank)

Natural Earth (public domain): [http://www.naturalearthdata.com/](about:blank)

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: In this paper the authors focus on carbon cycling in the exchange of surface water and ground water, using a multi-technique assessment. It is interesting to me, and subterranean carbon flows is an area of ongoing research. The incorporation of functional genomics on bacterial make this study timely, and this topic should be of wide interest. Overall, the paper is well written and structured, and figures are nice. But I have a few concerns about source material and methodology that I would like the authors to address. Below are my specific comments.

1\) There are only two bores selected to represent two main geological units (W4 for calcrete and D13 for clayey) and also catchments (D13 for the upper and W4 for the lower). It's not enough but acceptable. But, why all the samples are collected on two days (on 7/11/2017 as low rainfall treatment, and on 17/03/2018 as high rainfall treatment)? Is it appropriate to use on day to represent the whole high/low rainfall treatment? How many replicates are there (I only found that three sample replicates collected for genetic analyses)? Are these repetitions false repetitions?

2\) What is the diameter of bores? Are they usually cover or open (the rainwater can directly fall into)?

3\) Did you get any information about 13C and 14C in the rainfall? Precipitation cannot be pure due to the particles in the air, and it may also affect the carbon input.

4\) Groundwater samples were collected using a pump, and the bores are 11 m depth (right? From figure 1). How high is the water table at the time of sampling and what layer of the water are you taking? It maybe have big impact on microbes' composition.

5\) Why water sample for functional genomic investigation just collected from bore W4, but not from bore D13 or from both? Is it possible that the differences between the two samples are due to the seasonal dynamics of the microbial community itself? Or to some extent due to?

6\) Just a matter of personal opinion, I found the study of microbes in this paper a little jarred, or at least the introduction didn't make me feel it is compelled to do it.

Line 107: the availability of (OM) which....

Line 170: what are unpredictable recharge dynamics? For example?

Lines 366-368. It's not a result, and should be place in discussion or methods.

Line 493-496: In the current experimental design, it is not possible to separate the two effects. This is why we need more bores for sampling.

Figure 3a: I don't think the relative % contribution is needed, its information is also showed in first picture of Fmax.

Table S1: DIC (Dissolved Inorganic Carbon)

Reviewer \#2: The authors conducted a comprehensive chemical and microbial analysis of two boreholes in a shallow groundwater system in an Australian desert. Water samples were taken in the dry and the wet season with differing amounts of antecedent rainfall. The purpose was to infer sources and amounts of carbon inputs that form the basis of the aquifer food chain. One borehole was representative of a calcrete section of the aquifer, the other of a clayey section and there were interesting differences between them, indicating different pathways for carbon inputs and differential sensitivity to rainfall. One fascinating result was the intricate shift in the microbial community between the wet and the dry season in the one borehole that received more processed, older carbon as input.

The manuscript is well written, purpose and results are clearly explained and they should be interesting to a broad readership. My only caveat is that some of the specialized terminology of bore holes and bore fields might have been better explained to a broad audience, for example:

151: Explain what capped and lined means and why it is relevant for this study.

163: what is meant by "stabilization of in-field parameters"

93: I am confused about what the "upper" and "lower" part of the bore field is. Does it refer to elevation? If so, is there a relationship between why the one is in calcrete and the other in clay? Might be useful to have a schematic cross section of the unsaturated zone to appreciate the structural differences associated with the functional differences.

The end of the introduction, where you explain the general purpose of the study, you do not explain the relevance of the two boreholes. Since they end up functioning quite differently, it would have been useful to have some kind of introduction here.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0237730.r002

Author response to Decision Letter 0

30 Jun 2020

Tracking down carbon inputs underground from an arid zone Australian calcrete

Ms. Ref. No.: PONE-D-20-08624

Title: Tracking down carbon inputs underground from an arid zone Australian calcrete

Journal: PLOS ONE

Please accept our sincere gratitude for providing constructive comments and suggestions, which, we believe, have greatly improved the paper.

Below, we provide a detailed, point-by-point account of how we responded to each comment

In yellow in the MS: changes according to suggestions from reviewer 1

In light blue in the MS: changes according to suggestions from reviewer 2

In green in the MS: authors' contributions to an improved version of the manuscript

Reviewer \#1: In this paper the authors focus on carbon cycling in the exchange of surface water and ground water, using a multi-technique assessment. It is interesting to me, and subterranean carbon flows is an area of ongoing research. The incorporation of functional genomics on bacterial make this study timely, and this topic should be of wide interest. Overall, the paper is well written and structured, and figures are nice. But I have a few concerns about source material and methodology that I would like the authors to address. Below are my specific comments.
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Thank you for your comments. Rainfall events in the arid Yilgarn region are patchy and highly unpredictable and the study area is located 11 hours by car from our offices and laboratories at Curtin University. While the low rainfall regime does not provide major challenges in terms of collection of samples, sampling campaigns immediately after high rainfall periods are often not possible due to floods and inaccessibility of the area. The sampling design we applied followed the site-specific criteria based on data collected over the last 14 years at Sturt Meadows which is presented in Hyde et al., 2018 (reference \[51\]). We decided to homogenise the effort between LR and HR sampling events to maximise representativeness of samples and comparison across seasons. We consider that for comparative and investigative purposes, our one-day protocol per rainfall event has robust scientific foundations that conciliate the challenges provided by the study area. Three independent replicates were used for genetic analysis, while statistical comparisons between the parameters of DOC, DIC, δ13CDOC and δ13CDIC were carried out through the analysis of two independent replicates. We agree with the reviewer that more information on this must be included, and we incorporated details in the Line 302. These replicates are independent and the values were obtained from samples collected separately. As a result, we are confident that our statistical design is accurate and reliable.

2\) What is the diameter of bores? Are they usually cover or open (the rainwater can directly fall into)?

Thank you for you notes. We provided further information on the bores as suggested by the reviewer (L152-154). The diameter of the bores is 10 cm and they are capped with PVC to prevent rainwater to fall into the aquifer through the wells.

3\) Did you get any information about 13C and 14C in the rainfall? Precipitation cannot be pure due to the particles in the air, and it may also affect the carbon input.

Thank you for your interesting comment. Unfortunately, information about 13C and 14C in the rainfall is not available for area of the Sturt Meadows aquifer. We do agree with the reviewer that these data could provide insights into the hydrogeological patterns observed. The only information available is from the areas of Perth and Rottnest Island, reported by Meredith et al.,2012. Science of the Total Environment, 414, 456-469 and Bryan et al., 2017. Science of the Total Environment, 607, 771-785. Unfortunately, while extremely valuable, we cannot incorporate these data into our study due to the site-specific dynamics shaping these systems. Indeed, future in-detail investigation at Sturt Meadows will highly benefit for the incorporation of the mentioned analysis on rainfall.

4\) Groundwater samples were collected using a pump, and the bores are 11 m depth (right? From figure 1). How high is the water table at the time of sampling and what layer of the water are you taking? It maybe have big impact on microbes' composition.

Thank you for your notes. As specified in the text, bores are unlined, except within about 0.5 m from the surface. As a result, the bores are uncased for most of their length, including for the entire water column. More details on this can be found through the reference \[50\] provided. The depth of the water table for the bores W4 and D13 is shown in Table S4. Water table at both bores dropped 0.3 m under the HR period: W4 changed from 6.3 m (LR) to 6 m (HR), and D13 shifted from 7.5m (LR) to 7 m (HR). This change is in line with the drop detected in the bore E7 (the bore with the weather station, see reference \[41\] for further details) and confirms the challenges on defining recharge regimes sensu stricto for these types of subterranean environments. Water samples through pumping were collected from the middle of the water column (at \~3m for bore W3 and at \~3.5m for the bore D13). We agree with the reviewer that microbial composition might change across different layers in the water column. However, our multidisciplinary design involved the feed-back between accuracy and sampling effort (and analytical cost), and we consider that an acceptable compromise that enabled the combination of three novel and usually disconnected analytical designs (isotopes, fluorescence and functional genomics) was reached. Importantly, our approach is in line other interdisciplinary works in groundwaters (e.g. Sang et al., 2018. Scientific reports, 8(1), 1-11; Flynn et al., 2013. BMC microbiology, 13(1), 146.). Nonetheless, aware of the limitations of our study, we tempered our discussion accordingly, suggesting that further studies will be required to address smaller scale dynamics (L536-538; L563-564). However, we consider that our study based on the mentioned 'triple approach' (isotopes, fluorescence and metagenomics) provides a valuable and multidisciplinary pilot work that is advancing the field of groundwater ecology.

5\) Why water sample for functional genomic investigation just collected from bore W4, but not from bore D13 or from both? Is it possible that the differences between the two samples are due to the seasonal dynamics of the microbial community itself? Or to some extent due to?

Thank you for your comments. Unfortunately, functional genomics on water samples from the bore D13 was not possible. Whilst a more encompassing strategy is always preferred, as with any project operating within a limited time and budget we focused on just one bore. Environmental conditions in the aquifer are very stable, and rainfall provides a vital ecological driver in the ecosystem. While seasonality might have played a role, further studies to confirm its role are required, as stressed in the discussion (L536-538; L563-564).

6\) Just a matter of personal opinion, I found the study of microbes in this paper a little jarred, or at least the introduction didn't make me feel it is compelled to do it.

Thank you for your comment. We dedicated an entire section in the introduction on the ecological importance of microbes as baseline drivers of nutrient flows in groundwaters (L108-118). We consider that our results on the trends of microbial functional genomics under contrasting rainfall periods provide interesting insights into the biogeochemical flows sustaining the Sturt Meadows calcrete. In concordance with reviewer 2, we believe that the observed metabolic shifts in the microbial community from the borehole that received more processed, older carbon as inputs are valuable and interesting results. Overall, we consider that the incorporation of community functional aspects into the hydrogeological characterisation considerably helped untangle the ecological functioning of these cryptic systems.

Line 107: the availability of (OM) which....

Thank you for your comment. We amended the error (L108) and improved the following sentence for clarity and consistency purposes (L111).

Line 170: what are unpredictable recharge dynamics? For example?

Thank you for your notes. We improved this section for clarity purposes and also provided an additional reference to help the reader understand the unique hydrological dynamics characterising Western Australian calcretes (L174-175).

Lines 366-368. It's not a result, and should be place in discussion or methods.

Thank you for your suggestion. We removed this part for the results and left it for the discussion (L479-482).

Line 493-496: In the current experimental design, it is not possible to separate the two effects. This is why we need more bores for sampling.

Thank you for your notes. We included a final sentence of this section to temper our discussion (L501-503).

Figure 3a: I don't think the relative % contribution is needed, its information is also showed in first picture of Fmax.

Thank you for your comment. We believe that Fig 3b (% contribution) provides a clear visual comparison between rainfall events per each borehole studied, a procedure that would be difficult if we just illustrated Fig 3a. As a result, we prefer maintaining both graphs for clarity and consistency purposes.

Table S1: DIC (Dissolved Inorganic Carbon)

Thank you for your suggestion. We amended the error.

Reviewer \#2: The authors conducted a comprehensive chemical and microbial analysis of two boreholes in a shallow groundwater system in an Australian desert. Water samples were taken in the dry and the wet season with differing amounts of antecedent rainfall. The purpose was to infer sources and amounts of carbon inputs that form the basis of the aquifer food chain. One borehole was representative of a calcrete section of the aquifer, the other of a clayey section and there were interesting differences between them, indicating different pathways for carbon inputs and differential sensitivity to rainfall. One fascinating result was the intricate shift in the microbial community between the wet and the dry season in the one borehole that received more processed, older carbon as input.

The manuscript is well written, purpose and results are clearly explained and they should be interesting to a broad readership. My only caveat is that some of the specialized terminology of bore holes and bore fields might have been better explained to a broad audience, for example:

151: Explain what capped and lined means and why it is relevant for this study.

Thank you for your notes. We included the suggested information in the text for clarity purposes (L152-154). Boreholes are capped with PVC lids to avoid rainfall falling directly into the aquifer. Boreholes were lined with PVC pipes for stability purposes.

163: what is meant by "stabilization of in-field parameters"

Thank you for your comment. The expression "stabilization of in-field parameters" is widely employed in groundwater hydrological studies. It refers to the return of normal baseline conditions after the pre-purging. We included in the text which parameters we monitored (temperature, pH, salinity, dissolved oxygen (DO) and oxidation-reduction potential (ORP)) for clarity purposes and ease the read for a broader audience (L166-167).

93: I am confused about what the "upper" and "lower" part of the bore field is. Does it refer to elevation? If so, is there a relationship between why the one is in calcrete and the other in clay? Might be useful to have a schematic cross section of the unsaturated zone to appreciate the structural differences associated with the functional differences.

Thank you for your notes. The elevation on site is the same across the boreholes grid. "Upper" refers to northeast and "lower" refers to southwest. To avoid confusion, we included this information both in the abstract (L42-43) and the discussion (L473). We agree that it could be useful to have a schematic cross section of the unsaturated zone. However, the information on the vertical profiles we have available to date is not detailed enough to enable a reliable schematisation of the unsaturated zone, and to our view a partially refined diagram could confuse the reader. We consider that for the comparative purposes of this study, Fig 1 provides a compelling representation of the geological features on site.

The end of the introduction, where you explain the general purpose of the study, you do not explain the relevance of the two boreholes. Since they end up functioning quite differently, it would have been useful to have some kind of introduction here.

Thank you for your notes. Explanation of the sampling design is provided in the methodological section of the study. We consider that the different biogeochemical functioning of the two boreholes is an insight provided by the results of the current study. Our a priori hypothesis involved the null assumption that both boreholes behaved similarly in terms of ecological functioning. As a result, we believe that the incorporation of further details on the relevance of the sampling points considered could confuse the readers and mix the previous knowledge of the system with the findings provided by this study.

Figure 1: we improved the colours of the Fig 1a for clarity purposes.

Figure 5 (renamed Figure 5 NEW): We removed Glycogen from the section '(a)' because the glycogen degradation pathway increases under LR and not viceversa. The goal of this graph is to illustrate pathways that increase under HR.

L5, 23-24 and 615-616: We included the co-author Sebastien Allard due to his contribution with the biogeochemical analyses

L494-495: we amended the grammatical error

L548: we improved the sentence for clarity purposes

L572: we included 'bacterial'

L160-161: We included the copyright sentence as required.
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